The acidic properties of CF 3 SO 3 H/SiO 2 acid catalysts have been investigated by the protonation of weak bases (B) (B+H + BH + ) and the proton-transfer process from (H + A − ) to (BH + A − ) has been analysed by a thermodynamic procedure used to account the variation of the activity coefficient terms of the species involved. Acid-base systems with different substituted pyridines as back-titrating agents of BH + (i.e. BH + → B) have also been studied and the changes observed in the acid-base interactions according to basicity of pyridines are discussed. The results in solid phase have been compared with those observed in concentrated aqueous solutions (i.e. CF 3 SO 3 H + H 2 O) where "acidity" and "protonating ability" have been distinguished as parameters of interest in the description of nonideal acid systems.
Introduction
Trifluoromethanesulfonic acid (TFMSA or triflic acid) is known to be a strong acid suitable to be used as catalyst for synthetic applications [1] [2] [3] [4] [5] [6] [7] [8] [9] . The design of acid-catalysed reactions over solids has caused a pronunced need for further researchs in this area and supported triflic acid [10] [11] [12] [13] [14] or materials with -CF 2 SO 3 H groups [9, [15] [16] [17] [18] are becoming now available to replace homogeneous acid solutions.
In sulfuric, percloric, nitric, triflic, methanesulfonic acids, for instance, the available H 0 (or H x ) acidity functions have been found to be unrelated to acidity of medium.
In the present paper, the acidic properties of supported triflic acid (i.e. CF 3 SO 3 H/SiO 2 ) are determined by following the protonation of weak bases (B → BH + ) involved in the acid-base processes. Additional knowledges of acid-base interactions are obtained by adding different substituted pyridines as back titrating agents of BH + species (i.e. BH + → B). The experimental observations in solid are compared to those obtained in analogous aqueous acids (i.e. CF 3 SO 3 H + H 2 O) where a large number of experimental data related to medium acidity are already known [23, [27] [28] [29] [30] . In this phase, "acidity" and "protonating ability" have been recognised as two different parameters suitable to describe non-ideal acid systems.
Materials loaded both with triflic and with sulfuric acids have also been tested as catalysts for chemical transformations and the results have been compared with the experimental observations obtained in analogous aqueous acid solutions. The relative catalytic performance is of interest since early reports in aqueous phase show that the nitration rates were found to be lower in triflic than in sulfuric acid. It has been suggested that complications due to ion-pairs can affect equilibria and rates although the undesiderable side reactions affecting the results in sulfuric acid are avoided [23, 27, 31] .
Experimental

Materials
Purified samples of commercially available GRACE Silica Gel (90 m average particle size, (S BET ) 364 m 2 /g, 1.14 ml/g pore volume) were obtained by washing the material with aqueous solutions of perchloric acid, then with distilled water. Reagents and solvents (i.e. CF 3 SO 3 H, indicators, pyridines, cyclohexane, etc.) were used after purification of the commercially available samples and their purity was checked by the usual methods (mp's, TLC, HPLC, GLC). The aqueous acid solutions were prepared by diluting fresh distilled samples of CF 3 SO 3 H and their percentage composition was determined by potentiometric titration against standard solutions of NaOH.
Preparation and characterisation of the catalysts
Samples of catalysts were prepared by using aqueous and non aqueous acid solutions. In the first case, weighted amounts of purified silica gel was mixed with a known amount of aqueous solution of acids of appropriate concentration. After stirring for 1 h ca. the surnatant solution was removed by filtration and the wet catalyst was dried for 72 h at 105 • C in a stream of N 2 , then stored in a dry apparatus.
In the second case, weighted amounts of purified silica gel was mixed with a known amount of the acid mixtures (i.e. CH 2 Cl 2 +CH 3 NO 2 +acid). The solvents were removed under stirring at room temperature for 3 h and at 105 • C for 18 h under nitrogen flow, then stored in a dry apparatus.
Samples of CF 3 SO 3 H, H 2 SO 4 and mixtures of them supported on silica have been tested. The acid percentage composition in the solids after impregnation was determined by potentiometric titrations against standard solutions of NaOH and checked before use. It avoid the uncertainties due to hygroscopicity of the catalysts, particularly high for samples of CF 3 SO 3 H/SiO 2 .
The BET surface area (SA), pore size distribution (BJH model) and total pore volume (relative pressure of p/p 0 = 0.98) of the catalysts have been determined by N 2 adsorption and desorption at 94 K using an automatic adsorption unit (Micromeritics ASAP 2010C). The type of acid sites has been characterised by XPS measurements using pyridine chemisorption and investigation of the N 1s XPS band [32] .
UV measurements
A stock solution of indicator (B), prepared by dissolving a weighed sample in a weighed amount of anhydrous cyclohexane (ca. 10 −4 and 10 −3 mol dm −3 ), was added to a known amount of catalyst. After at least 2 h, the sample was transferred in a UV cell of 0.1 cm and subjected to centrifugation at 270 × g for 10 min together with an analogous reference cell, filled with catalyst + cyclohexane.
The UV absorbance was measured at 25 • C following the spectral changes (B → BH + ) over CF 3 SO 3 H/SiO 2 samples with acid loadings between 0.05 and 0.5 mmol CF 3 SO 3 H/g catalyst .
The molar extinction coefficients (ε) were calculated from the absorbance. Calibration plots in cyclohexane were used for determining the stoichiometric concentrations of the residual indicator in the solvent.
The ionisation ratios [BH + ]/[B] were calculated from the (ε B − ε obsd )/(ε obsd − ε BH + ) values. The molar extinction coefficients of the unprotonated (ε B ) and protonated (ε BH + ) forms were obtained, respectively, at very low acid concentrations and in acid mixtures where the observed protonation was >99%. 2-Cl-4-NO 2 -aniline and 2,4-diCl-6-NO 2 -aniline were used as indicators and the spectral changes from unprotonated to protonated form were followed at selected wavelengths between 370 and 420 nm.
The UV measurements of solid acid samples with starting acid loadings of 0.5 mmol CF 3 SO 3 H/g catalyst for 2-Cl-4-NO 2 -aniline and of 0.8 mmol CF 3 SO 3 -H/g catalyst for 2,4-diCl-6-NO 2 -aniline were also performed. In these range of acid loadings the protonated form of indicators is observed [33, 34] . Therefore, the addition of some pyridines as back titrating bases of indicators allows the experimental observation of the equilibria (BH + → B) in the solid acid mixtures. The samples were prepared as already described, but were equilibrated by shaking for 24 h before measurements.
Unsubstituted pyridine was used as back titrating base of protonated 2-Cl-4-NO 2 -aniline. Different substituted pyridines: i.e. 2,6-di-Me-, 2-Me-, 3-Me-, 4-Me-, H-, 3-Cl-were used for an analogous study of protonated 2,4-diCl-6-NO 2 -aniline.
Acid catalysed reactions
Nitration and esterification of aromatic compounds over CF 3 SO 3 H/SiO 2 have essentially been tested in the study of reactivity. In a typical run of nitration, a solution of substrate in dry dichloromethane was added to 0.5 g of activated catalyst in a thermostated reactor at 25 • C. Then, the nitrating agent was added dropwise and the obtained slurry was stirred for an appropriate time. The supernatant solution was analysed by GC and GC-MS. In a typical run of esterification, separate solutions of mesitoic acid and methanol in toluene of appropriate concentrations were added to 0.5 g of activated catalyst in a thermostated reactor at 70 • C. The supernatant solution was analysed by HPLC using a Lichrospher 100 (Rp-18, 5 m) column and a Perkin-Elmer apparatus. The mixture at the end of reaction was also detected by GC and GC-MS.
Additional tests of reactivity have analogously been performed for comparisons, by using samples both of H 2 SO 4 /SiO 2 and of (CF 3 SO 3 H + H 2 SO 4 )/SiO 2 .
Results and discussion
Analysis of the catalytic materials
Solid acid catalysts with well known amounts of acid and well characterised types of acid sites offer an attractive simple means for a number of studies in the solid phase. Samples of CF 3 SO 3 H/SiO 2 with different acid loadings are, then, investigated for measurements of acidity and catalytic performance and in Table 1 , the effects of varying the amount of acid on the physical properties of the catalysts are reported. Additional data obtained by using samples of H 2 SO 4 /SiO 2 and (CF 3 SO 3 H + H 2 SO 4 )/SiO 2 are enclosed for comparison.
The results show a progressive decrease of surface area and of total pore volume as increases the acid loading whereas pore size distribution exhibit a constant average diameter of ca. 8 nm. An excess of water allows the complete leaching of acid without changing the silica framework. It appears on the control of the resulting materials whose values of surface area and porosity are analogous to the ones observed in the starting sample.
Further details related to type of acid sites have been obtained by XPS measurements. On the analysis by pyridine chemisorption and investigation of the N 1s XPS band, all the samples exhibit a single peak at 401 eV due to the presence of Brøensted acid sites. On the analysis by the XPS peak areas of Si (2p) and S (2p),the Si/S ratios of the catalysts loaded with H 2 SO 4 were found to be proportional to the amount of sulfuric acid added to silica gel. In addition, a sample loaded with 4.65 mmol H 2 SO 4 /g catalyst analysed by a microRaman spectrum, shows the band at 981 cm −1 of SiO 2 (SiOH stretching mode of isolated surface silanol species) [35] and the band at 1044 cm −1 of bisulfate ion [36] .
The results suggest that (i) the strong Brøensted acid sites observed on the catalyst are due to the added acids, (ii) the isolated silanol groups are due to incomplete coverage of the surface; (iii) the acids fill the pore in proportion to the amount of the acid loadings, (iv) the changes of surface area, as increase the acid loadings, are dependent on the type of the starting acid used for the impregnation (i.e. CF 3 SO 3 H/SiO 2 > H 2 SO 4 /SiO 2 ≈ (CF 3 SO 3 H + H 2 SO 4 )/SiO 2 ) (see Table 1 ).
Protonation studies in CF
The protonation of weak bases (B) (equilibrium 1) is a procedure widely applied to detect the acidic properties of acid systems [21] [22] [23] [24] [25] [26] .
It suggested a number of studies over CF 3 SO 3 H/SiO 2 with different acid loadings and UV measurements related to conversion B → BH + of different ni- troanilines used as indicators. The results show that 2,Cl-4-nitroaniline and 2,4-diCl-6-nitroaniline can be easily protonated by samples with acid loadings between 0.05 and 0.5 mmol HA/g catalyst (see Fig. 1 (3), where the activity coefficients of reagents and products involved in the equilibria are taken into account (see Eq. (4)). [23] [24] [25] [26] suggest that the catalysts under investigation exhibit one type of acid site and thermodynamic constants that can be referred to water as standard state. The efficiency of the catalyst can be inferred from the slopes values, higher by a factor of ca. 10 4 to 10 5 compared to the ones observed for the same indicators in aqueous acid solutions using an analogous procedure [23] [24] [25] [26] .
Further informations have been gained from the experimental data obtained by using acid samples with the acid form of the indicators (i.e. CF 3 SO 3 H/SiO 2 + BH + ) as starting point of the measurements and different substituted pyridines (Pyr) as back titrating agents of BH + . The new titration curves, determined by following the variations (BH + → B) of the indicator (see Fig. 1 Fig. 2b ).
The pyridines analysed, the indicators used and the parameters obtained in this study by the plots A and B are reported in Table 2 . Slopes and pK PyrH + of 2-Me-and of 2,6-di Me-pyridine, where additional interactions due to the orthosubstitution are expected, are found to be unrelated to behaviour of meta-and para-substituted pyridines.
In Fig. 3 , the linear free energy relationship (LFER) observed between slopes and pK PyrH + for the system (acid + BH + + pyridines) is reported.
All the experimental observations with pyridines are consistent with the view that the performance of the catalytic sites are largely modified when the equilibria of additional adsorbed species are involved in the acid-base processes. Table 2 ).
Protonation studies in aqueous acid mixtures
Previous studies in aqueous strong acids (HA) have shown that "acidity" and "protonating ability" are parameters describing different properties of non ideal acid systems [23] [24] [25] [26] . The first is related to ionisation-dissociation process of HA in the (HA + H 2 O) mixtures, the second to protonation process of weak bases in the (HA + H 2 O + B) mixtures. In aqueous TFMSA, for instance, whose dissociation (equilibrium 5) is described by the thermodynamic Eq. (6) HA
an "activity coefficient function" or Mc(s) and an "acidity function of the solvent" or Ac(s) -defined, respectively, by Eqs. (7) and (8) -have been determined using the Eqs. (9) and (10) (where pK a = pK apparent instead of termodinamic pK or pK HA ).
Mc(s) = −log
pK a −log
The Mc(s) function is a measure of the deviations from the ideality of the aqueous acidic medium under investigation. The Ac(s) is an extension of the pH scale in concentrated aqueous acid solutions. In Fig. 4 [25, 27] .
The pK a value = −3.60 was used for TFMSA, already determined by studying the equilibria of some (9) and (10) . Values from [23] .
alkanesulfonic acids (Y-SO 3 H with Y = Me-, Et-, Pr-, Bz-, CF 3 -) as solutes in sulfuric acid [28] .
The protonation of B according to equilibrium (1) has been estimated by UV measurements of the (CF 3 SO 3 H + H 2 O + B) mixtures, using progressively B 1 , B 2 , . . . , B n weaker bases as increases the acid concentration [23] [24] [25] [26] 
The linear relationship observed by (11) or (11 ) allows one to obtain an "activity coefficient function of indicators" (Eq. (12)) and a description of equilibria by the empirical Eq. (13).
Mc(B
The protonation of B outside the range of pH is, then, characterised by two independent parameters: (pK BH + ) and (n bb * ) related, respectively, to the intercepts (pK BH + ) and slopes (n bb * ) of the plots
function is a measure of the deviations from the ideality of aqueous acidic media, referred to that of a weak base (B * ) protonating at low acid concentrations and chosen as standard state [23] [24] [25] [26] . In Table 3 , some equilibrium data obtained by the Mc procedure are reported. The practical determination of two indipendent "activity coeffficient functions" allows a comparison of the equilibria (1) and (5) HBr, HClO 4 , HNO 3 , H 2 SO 4 , plots of Mc(i) versus Mc(s) exhibit linear trends with n is = 1. In CF 3 SO 3 H, n is = 2.12 has been found.
The acid-base relationships satisfying Eq. (14) or Eq. (14 ) suggest that the n is parameters are involved in the proton-transfer process from (H + A − ) aq to (BH + A − ) aq species, whose values can be taken as a measure of the "protonating ability" of an acid towards a base.
−log
Further results are also consistent with the view that the "protonating ability of a given acid towards a solute is characterised by the energetic proton transfer process of the specific acid-base pair". Detailed observations are in Fig. 5 where the linear dependences between n is and pK BH + values of indicators undergoing protonation between 0.1 and 100 wt.% CF 3 SO 3 H are reported. The behaviour of solutes also shows: (i) a progressive increase in the n is values for increasingly weaker bases with analogous basic site; (ii) a linear dependences between n is and pK BH + values and intercept at the pK w of water, being n is = 0 for water; (iii) a specific dependence of n is for classes of indicators (see Fig. 5a and b). The results deduced by different studies in the solid phase supports analogous conclusions [24, 33, 34] . Consistent with the previous results are the slopes of 2,4-diCl-6-NO 2 -aniline whose values are modified according to the basic strength of pyridines used as additional adsorbed species (see Table 2 ). The LFER given in Figs. 3 and 5 clearly suggest reliable descriptions of the acid-base interactions in the systems under investigations.
In the light of the new results, the H x (H x = H 0 , H R , H A , H I , etc.) acidity functions determined by using the protonations of the indicators, cannot be accepted as a true measure of acidity. Indeed reliable "Ac(i) acidity functions", suitable to be correlated with the "Ac(s) or pH scales of the solvents", can be obtained by Eq. (15) rather than by Eq. (16) adopted in the rather simplified Hammett procedure. From a practical point of view, the Ac(i) and H x differ by a factor (i.e. n is parameter), responsible for the progressive inconsistency of the H x values as we are going from dilute to concentrated acid solutions.
Acid-catalysed reactions
Mesitylene and nitrobenzenes are weak bases whose protonation equilibria can be easily determined in aqueous TFMSA between 90 and 100 wt.%, but non in an analogous range of sulfuric acid (see Table 3 ) [23, 26, 30] . It suggests an high catalytic performance of TFMSA for acid catalysed reactions with high acid requirements. In sulfuric acid, on the contrary, the apparence of new species (i.e. H 3 SO 4 + , H 2 S 2 O 7 , SO 3 , etc.) can lead to complications or to undesiderable by-products for indicators suitable to be sulfonated [26] .
Kinetic studies related to nitrations of aromatic compounds show that TFMSA between 50 and 80 wt.% exhibit nitrating properties analogous to those observed in sulfuric acid [31] . In this range, for instance, the observed rate constants for mesitylene, toluene, benzene, bromobenzene are very close to each other, if compared at the same mole fraction of acid. However, in the range 80-100 wt.% suitable for nitration of deactivated compounds, the rate of methyl phenyl sulfone in TFMSA is reduced by a factor of 8. Obviously the reduction can be related neither to aromatic protonation nor to concentration of nitronium ion which, in both systems is practically the same at the same mole fraction [25, 29, 31] .
It has been suggested that the different nitration rates of methylphenyl sulfone in reaction media where the water behaves as solute are related to the different Table 4 , new studies are reported, where the catalytic properties of supported triflic and sulfuric acids were compared in the nitrations of activated and deactivated compounds as well as in the esterification of mesitoic acid, using experimental conditions analogous to the ones already discussed in the previous kinetic studies [39, 40] . As concerns the esterification, a substrate with high acid requirements for the conversion reagents products has been chosen since the 2,4,6-triMe-ArC=O + mesitoyl cations, from mesitoic acid, can be formed and esterified in very concentrated acid systems (>92 wt.% H 2 SO 4 ) [39] ).
The general trend observed towards two different reaction paths shows that TFMSA in liquid and solid phase is a less effective catalyst compared to sulfuric acid as expected when ion-pairs effects on equilibria and rates are occurring. In these case, several factors including contributions from dissociation process and mobility of the species will cause a decrease in rates and yields of products. Agreement with the observed behaviour comes from spectroscopic and kinetic studies related to equilibria and reactivity of TFMSA [27] [28] [29] 31] . It is also well known that HNO 3 and CF 3 SO 3 H, in the reaction between the pure reagents, combine to form a solid identified as a mixture of CF 3 
Conclusion
The TFMSA has been used as model system for studying acidity and catalytic performance in liquid and solid acid catalysts. In the elucidation of the problem of acidity, the results are consistent with the view that, in both phases, the "protonating ability" of a given acid (HA) towards a solute (B) is the parameter of interest of non ideal acid systems, characterised by the energetic proton transfer process of the specific acid-base pair under investigation.
In the elucidation of the catalytic performance, TFMSA, compared to sulfuric acid, has be found to be a less effective catalyst in the nitrations and esterifications of aromatic compounds in spite of its high effectiveness as protonating agent.
